TAC1 (for transcriptional activator of CDR genes) is critical for the upregulation of the ABC transporters CDR1 and CDR2, which mediate azole resistance in Candida albicans. While a wild-type TAC1 allele drives high expression of CDR1/2 in response to inducers, we showed previously that TAC1 can be hyperactive by a gain-of-function (GOF) point mutation responsible for constitutive high expression of CDR1/2. High azole resistance levels are achieved when C. albicans carries hyperactive alleles only as a consequence of loss of heterozygosity (LOH) at the TAC1 locus on chromosome 5 (Chr 5), which is linked to the mating-type-like (MTL) locus. Both are located on the Chr 5 left arm along with ERG11 (target of azoles). In this work, five groups of related isolates containing azole-susceptible and -resistant strains were analyzed for the TAC1 and ERG11 alleles and for Chr 5 alterations. While recovered ERG11 alleles contained known mutations, 17 new TAC1 alleles were isolated, including 7 hyperactive alleles with five separate new GOF mutations. Singlenucleotide-polymorphism analysis of Chr 5 revealed that azole-resistant strains acquired TAC1 hyperactive alleles and, in most cases, ERG11 mutant alleles by LOH events not systematically including the MTL locus. TAC1 LOH resulted from mitotic recombination of the left arm of Chr 5, gene conversion within the TAC1 locus, or the loss and reduplication of the entire Chr 5. In one case, two independent TAC1 hyperactive alleles were acquired. Comparative genome hybridization and karyotype analysis revealed the presence of isochromosome 5L [i(5L)] in two azole-resistant strains. i(5L) leads to increased copy numbers of azole resistance genes present on the left arm of Chr 5, among them TAC1 and ERG11. Our work shows that azole resistance was due not only to the presence of specific mutations in azole resistance genes (at least ERG11 and TAC1) but also to their increase in copy number by LOH and to the addition of extra Chr 5 copies. With the combination of these different modifications, sophisticated genotypes were obtained. The development of azole resistance in C. albicans is therefore a powerful instrument for generating genetic diversity.
Azoles belong to a class of antifungals that are widely used for the treatment of fungal diseases and especially those caused by Candida albicans. Since azoles are fungistatic drugs for C. albicans, cells repetitively exposed to these antifungals adapt to the drug pressure and eventually become azole resistant. In C. albicans, the occurrence of azole resistance has been observed in different patient groups, mostly in human immunodeficiency virus (HIV)-positive patients with oropharyngeal candidiasis (45) . Azole resistance mechanisms have been investigated at the molecular level by several authors (1, 42, 55) and fall into different categories. First, alterations such as point mutations or upregulation of the gene encoding the target of azoles, an enzyme (Erg11p) involved in ergosterol biosynthesis, can occur. Among the several nucleotide polymorphisms observed in separate ERG11 alleles, at least 12 mutations have been associated with azole resistance when separate alleles were expressed in Saccharomyces cerevisiae (1, 29) . The majority of these mutations alters the binding of azoles to Erg11p (21, 22, 24, 25, 43) . The upregulation of ERG11 has also been observed in several azole-resistant clinical isolates (2, 17, 24, 34, 53) . That ERG11 upregulation confers azole resistance was clearly demonstrated by increasing the ERG11 copy number using a replicating vector (14) . ERG11 in C. albicans is at least under the control of UPC2, which is a functional homologue of two C2H2 zinc finger transcription factors encoded by UPC2 and ECM22 in S. cerevisiae (28, 48, 51) . ERG11 is inducible by fluconazole (FLC) exposure, but UPC2 disruption abolishes this property (19, 28, 48, 50) .
Increased drug efflux through enhanced expression of multidrug transporter genes is also involved in azole resistance in C. albicans. This mechanism can combine with ERG11-dependent resistance mechanisms, as demonstrated by the analysis of sequential isolates exposed repeatedly to azole over time (18, 35, 43, 53) . Multidrug transporters belong to both the ABC (ATP-binding cassette) transporter family and the major facilitator superfamily. Among the different ABC transporters and major facilitator superfamily members investigated in C. albicans, only Cdr1p/Cdr2p and Mdr1p have been involved in azole resistance by upregulation of the corresponding genes (1, 5) .
The understanding of the transcriptional regulation of CDR1 and CDR2 has progressed in the past few years by the identification of both cis-and trans-acting elements. CDR1 and CDR2 overproduction is the most frequent azole resis-tance mechanism in C. albicans (34) . Upregulation of CDR1 and CDR2 can be achieved transiently in vitro by treating C. albicans azole-susceptible cells with different drugs such as estradiol, progesterone, or fluphenazine. A cis-acting element, the drug response element (DRE), has been characterized in the promoters of both CDR1 and CDR2 (13) . The DRE sequence (5Ј-CGGAA/TATCGGATA-3Ј) is crucial for the upregulation of these genes in azole-resistant strains but also for the transient upregulation of both genes in the presence of drugs. In addition to this element, other cisacting elements were dissected, such as two basal responsive elements (33, 14) , a negative regulatory element (17) , and two steroid response elements (33) . trans-acting factors regulating CDR1 and CDR2 were reported recently. Chen et al. (8) described a potential activator of CDR1 through screening of a C. albicans genomic library in an S. cerevisiae strain containing a CDR1 promoter/lacZ fusion reporter system. CaNDT80 is a homologue of a meiosis-specific transcription factor in S. cerevisiae (8) . Deletion of CaNDT80 in C. albicans conferred hypersensibility to azoles and decreased the inducible expression of CDR1. Recently, our laboratory discovered a transcription factor belonging to the family of zinc finger proteins with a Zn 2 Cys 6 motif encoded by TAC1 (for transcriptional activator of CDR genes) (11) . Tac1p is able to bind in vitro to the DRE, which contains two CGG triplets typical for DNA-binding sites of Zn 2 Cys 6 transcription factors. Tac1p was shown to be responsible for transient upregulation of CDR genes in azole-susceptible strains in the presence of inducers (11) . Interestingly, TAC1 is located only 14 kb from the mating-type-like (MTL) locus on the left arm of chromosome 5 (Chr 5), where ERG11 is also located. We previously identified TAC1 hyperactive alleles from clinical azole-resistant strains, which, in contrast to wild-type alleles, conferred constitutive high CDR1 and CDR2 expression in a tac1⌬/⌬ mutant (10) . Hyperactivity of TAC1 was shown to be due to a gain-of-function (GOF) mutation, which substituted Asp977 for Asn977. Moreover, we demonstrated the codominance of hyperactive and wild-type TAC1 alleles and therefore the necessity for homozygosity at the TAC1 locus to acquire high-level azole resistance. Homozygosity at the TAC1 locus is often associated with loss of heterozygosity (LOH) at the MTL locus (10) .
In the present study, we have analyzed, for the first time, the genetic and genomic events that lead to azole resistance through alteration of TAC1 and ERG11 in sequential clinical isolates. We isolated additional TAC1 alleles of matched azolesusceptible and azole-resistant C. albicans clinical isolates. We identified five additional GOF mutations conferring Tac1p hyperactivity as measured by the upregulation of CDR1 and CDR2. In parallel, we recovered ERG11 alleles with mutations previously shown to contribute to azole resistance (43) . The analysis of Chr 5 in the different isolates established that the development of azole resistance occurred in a stepwise manner and that Chr 5 rearrangements lead not only to TAC1 homozygosity but also to LOH in other Chr 5 regions, including the MTL and ERG11 loci. Finally, we demonstrated that a further increase in azole resistance results from segmental aneuploidy on Chr 5 that increases copies of TAC1, MTL, and ERG11 via formation of isochromosome 5L [i(5L)]. This detailed analysis allowed us to develop a model describing successive genetic and genomic events leading to azole resistance in C. albicans. Such a model may represent a powerful basis for subsequent studies of azole resistance.
MATERIALS AND METHODS
Strains and media. The C. albicans and S. cerevisiae strains used in this study are listed in Table 1 . These strains were grown either in complete YEPD medium (1% Bacto peptone [Difco Laboratories, Basel, Switzerland], 0.5% yeast extract [Difco] , and 2% glucose [Fluka, Buchs, Switzerland]) or in minimal medium (yeast nitrogen base [Difco] and 2% glucose [Fluka] ). For growth on solid media, 2% agar (Difco) was added to either of the media. Escherichia coli DH5␣ was used as a host for plasmid constructions and propagation. DH5␣ was grown in LB (Luria-Bertani broth) or LB plates, supplemented with ampicillin (0.1 mg/ml) when required.
Yeast transformation. C. albicans cells were transformed as described previously (11) .
Drug susceptibility testing. Drug susceptibility testing was performed by serial dilution assays on solid agar plates and also performed using a microdilution format with microtiter plates containing twofold serial dilutions of FLC in RPMI (range, 128 to 0.06 g/ml), as described previously (11) .
Immunoblots. C. albicans cell extracts for immunoblotting were prepared by an alkaline extraction procedure as described previously (11) . Detection of Cdr1p and Cdr2p was performed as described previously (11) . Signals were revealed by exposure to Kodak BioMax MR films (GE Healthcare).
Construction of TAC1 revertant strains. The revertant strains generated in this study were obtained by transformation of the tac1⌬/⌬ mutant DSY2093 with pDS178-derived plasmids containing the URA3 and LEU2 markers as described previously (13) . The pDS178-derived plasmids were obtained by inserting at the BamHI and XhoI sites the PCR-amplified TAC1 open reading frame flanked by 500 bp from genomic DNAs of strains SC5314 and all the clinical strains listed in Table 1 with primers Znc2-5-BamB and Znc2-3-Xho (see Table S1 in the supplemental material for these and other cited primers). Recombinant plasmids obtained by this method that contain the distinct TAC1 alleles are listed in Table  2 . For each amplified TAC1 allele, several plasmids were sequenced in order to exclude mutation artifacts due to PCR amplification.
Site-directed mutagenesis of TAC1-1. All TAC1mutations were introduced into the TAC1-1 wild-type allele. The three point mutations A736V, T225A, and ⌬M677 were introduced using the QuikChange site-directed mutagenesis kit (Stratagene, Switzerland) according to the instructions of the manufacturer. For this purpose, TAC1-1 excised from pDS1097 by XhoI and BamHI was inserted into pBS-KS(ϩ), yielding pAC141 (Table 2) , which was next used as a template for PCR-mediated mutagenesis. Mutations A736V, T225A, and ⌬M677 were introduced using primers pairs TAC1-8-C2207T-F and TAC1-8-C2207T-R, T225A (ins-hyp)-F and T225A (ins-hyp)-R, and Tac1-1-del18-F and Tac1-1-del18-R, respectively, thus yielding pAC92, pAC147, and pAC14 (Table 2) . Mutated TAC1 alleles were next obtained by XhoI-BamHI digestion from these plasmids and ligated into pDS178 to yield pAC97, pAC153, and pAC152, respectively (Table 2) . To introduce the mutation G980E, TAC1 was first amplified from pDS1097 with primers Znc2-5-BamB and gly980glu-xho-R and next introduced into pDS178 to yield pAC157. To obtain the L962-N969 deletion, the TAC1-1 5Ј end was first amplified from pDS1097 with primers Znc2-5-BamB and Tac1-1-del22-R. The TAC1-1 3Ј end was next amplified using primers Tac1-1-del22-F and Znc2-3-Xho. A third PCR allowed the fusion of the two previously generated PCR products, generating a mutated TAC1 allele lacking the L962-N969 region. This mutated allele was cloned into pDS178 using the XhoI-BamHI restriction sites to yield pAC158 (Table 2) .
Plasmids containing either wild-type or mutated TAC1 alleles were linearized by SalI and transformed into C. albicans DSY2906 to favor integration into the genomic LEU2 locus. For each reintegration of TAC1 alleles, several independent transformants (in general four or five) were tested for different phenotypes (FLC susceptibility and Cdr1p and Cdr2p levels) and correct integration. Only a single revertant for each individual allele was selected in this study.
Counter-clamped homogeneous electric field (CHEF) analysis. Two or three colonies were inoculated onto YEPD broth and incubated overnight at 30°C with agitation. A culture volume corresponding to 10 9 cells was pelleted at 3,000 ϫ g for 5 min, and cells were washed in 5 ml 50 mM EDTA (pH 9). The pellet was resuspended in 330 l 50 mM EDTA. Next, 110 l of SCE (1 M sorbitol, 10 mM EDTA, 100 mM sodium citrate [pH 5.8], adjusted with citric acid) was added and then completed with 5% ␤-mercaptoethanol and Zymolyase 20T (100 units/ml) (solution I). The solution was gently mixed with 560 l of GTG agarose and rapidly distributed into molds of 10 by 5 by 2 mm. The solidified plugs were immersed in solution II (450 mM EDTA, 10 mM Tris-HCl [pH 8], 7,5% ␤-mercaptoethanol) and incubated overnight at 37°C without agitation. Solution II was replaced by solution III (450 mM EDTA, 10 mM Tris-HCl [pH 8], 1% N-laurylSarkosyl, and 150 mg/ml proteinase K). Plugs were incubated for 6 h at 65°C without agitation and kept for 10 min on ice. Finally, plugs were transferred in a 0.5 M EDTA (pH 9) solution and stored at 4°C for several months.
One-third of the plug was loaded into wells of 0.6% GTG agarose gel in 0.5% Tris-borate-EDTA. The gel was then placed into the electrophoresis chamber of a CHEF DR II (Bio-Rad, Zürich, Switzerland) apparatus. Migration was performed in 0.5% Tris-borate-EDTA at 14°C with the following steps: block 1, 60-to 120-min switch, 6 V/cm, and 120°C over 24 h; block 2, 120-to 300-min switch, 4.5 V/cm, and 120°C over 12 h.
Southern and Northern blotting. Southern and Northern blotting was performed as described previously (44) . Probes were labeled by random priming with [␣-32 P]dATP using the Mega Labeling kit (GE Healthcare) according to the instructions of the manufacturer. Radioactive signals were revealed by exposure to Kodak BioMax MR film (GE Healthcare). Signals obtained in blotted membranes were quantified by counting of radioactivity with the help of a Typhoon Trio (GE Healthcare). The TAC1 probe corresponds to the region located between the first ATG sequence and the PstI restriction site. ERG11, ACT1, MTLa, and MTL␣1 probes were generated by PCR using primers CYP-CB and CYP-NS2, ACT1-RT-PCR-F and -R, MTLa-F and -R, and MTLalpha1-F and -R, respectively.
Reverse transcription-PCR analysis. Reverse transcription was performed on 5 g of total RNA using Superscript II (Invitrogen, Basel Switzerland) with random primers (Invitrogen) according to the instructions of the manufacturer. cDNA were used for SYBR green quantitative PCR (Quantifast SYBR green PCR kit; QIAGEN, Switzerland) of TAC1 mRNA normalized with transcripts of ACT1, using an ABI Prism 7000 detection system (Applied Biosystem, Rotkreuz, Switzerland).
SNP analysis and CGH. Single-nucleotide polymorphism (SNP) microarray hybridization and comparative genomic hybridization (CGH) were performed as described previously (16, 46) . The search for SNP markers not present on the microarray was performed by amplification of specific regions of Chr 5 from genomic DNA using different V5 and V3 primer pairs (see Table S1 in the supplemental material for details) followed by sequencing of the PCR products using an AB Prism 3130 genetic analyzer (Applied Biosystems, Rotkreuz, Switzerland). Sequences were analyzed for polymorphisms using the Contig Express software (Invitrogen, Basel, Switzerland). Results of whole-genome CGH performed on the five groups of C. albicans isolates 
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are available online at http://www.chuv.ch/imul/imu_home/imu_recherche/imu _recherche_sanglard/imu_recherche_sanglard_suppldata.htm. Analysis of MTL locus status. The MTL locus status of each strain was analyzed by PCR amplifying the MTLa and MTL␣1 genes, using the corresponding primers as listed in Table S1 in the supplemental material. MTL locus status was confirmed by Southern blot analysis on CHEF gels, using MTLa and MTL␣1 as probes.
Nucleotide sequence accession numbers. The TAC1 alleles recovered in this work are accessible under GenBank accession numbers EU054332 to EU054348.
RESULTS
Characteristics of sequential C. albicans isolates including azole-resistant strains. In order to depict the mechanisms involved in the development of azole resistance in C. albicans, five groups of sequential related strains (groups A to E) ( Table  1 and Fig. 1 ) were characterized. Groups A, B, and C, containing strains DSY731 to DSY735, DSY347 to DSY289, and DSY2321 to DSY2322, respectively, were isolated from HIVpositive patients with oropharyngeal candidiasis and treated mainly with FLC (Table 1) (44) . Group D (DSY3534 to DSY3549) contains three strains chosen from 17 isolates originating from the same patient treated with FLC over 2 years for oropharyngeal candidiasis (Table 1) (56) . Finally, group E (DSY3553 to DSY3554) was obtained by growing in vitro a laboratory strain, DSY3553/T118, for 330 generations on FLCcontaining medium (12) ( Table 1 ). DSY3565 and DSY3554 correspond to isolates of the 165th and the 330th generations, respectively. Each group contained closely related strains as documented in previous studies (44) or by complementary analysis performed with a Ca3 repetitive probe and multilocus sequence typing analysis (data not shown).
Each group contains one azole-susceptible strain (FLC MIC range, 0.125 to 0.25 g/ml) and sequential strains with higher FLC MICs (range, 4 to 128 g/ml) ( Table 3 ). For convenience, the azole resistance threshold was set in this study at the value of 4 g/ml FLC, which is significantly higher than the average MIC for azole-susceptible C. albicans isolates (0.125 to 0.25 g/ml). In all groups, azole-susceptible strains exhibited a low level of Cdr1p and no Cdr2p when grown under noninducing conditions ( Fig. 1 ) However, treating cells with fluphenazine for 20 min elevated the content of these two proteins in the azole-susceptible strains of each group (Fig. 1) . In contrast, isolates with elevated FLC MICs (Ն4 g/ml) exhibited constitutively high Cdr1p and Cdr2p levels ( Fig. 1) .
Since azole resistance is often associated with homozygosity at the MTL locus, analysis of the MTL locus status was performed. PCR and Southern analysis (see below) indicated that azole-susceptible strains were heterozygous at the MTL locus ( Fig. 1) . In contrast, azole-resistant strains of groups A and C were MTL␣/MTL␣, whereas those of group E were MTLa/ MTLa. However, the azole-resistant strains of the two remain- (Fig. 1) . Analysis of TAC1 alleles isolated from azole-susceptible and azole-resistant strains. The high Cdr1p/Cdr2p levels in the azole-resistant strains described above were suspected to result from the occurrence of TAC1 hyperactive alleles in their genomes. Therefore, the TAC1 alleles of our set of 15 strains were next analyzed by measuring FLC MICs and Cdr1p/Cdr2p levels of individual transformants. Seventeen distinct TAC1 alleles, as deduced from sequencing analysis of cloned alleles (see Table 3 for details), were recovered from the 15 investigated strains. As expected, all strains heterozygous at the MTL locus contained two distinct TAC1 alleles, while all MTL homozygous strains carried two identical TAC1 alleles (Table 3) . Among the cloned alleles, 10 (TAC1-8, -9, -12, -13, -16, -17, -19, -20, -23, and -24) were assigned to wild-type alleles (Tables  3 and 4 ), since they conferred upon DSY2906 (tac1⌬/⌬) the ability to upregulate CDR1 and CDR2 in the presence of fluphenazine (Fig. 2) . The remaining seven alleles (TAC1-10, -11, -15, -18, -21, -22, and -25) conferred high constitutive CDR1 and CDR2 expression in the tac1⌬/⌬ mutant even in the absence of fluphenazine and were therefore defined as hyperactive alleles (Fig. 2) . The introduction of hyperactive alleles in the tac1⌬/⌬ mutant resulted in an increase of the FLC MIC from 0.125 to 4 g/ml (Fig. 2) and an ability to grow on FLC-supplemented medium (data not shown). In some cases, introduction of the same hyperactive allele in the tac1⌬/⌬ mutant generated two different isolates with slight FLC MIC differences. For instance, as shown in Fig. 2 , introduction of TAC1-25 (group E) not only increased the Cdr1p and Cdr2p levels in one strain compared to the other but also increased the FLC MIC from 4 to 16 g/ml. Southern blot analysis indicated the presence of two TAC1-25 alleles in the more resistant isolate and only one copy in the other strain (data not shown). These results suggest that TAC1 copy number has an impact on CDR expression and therefore on the level of azole resistance.
Interestingly, the results shown in Fig. 2 suggest that all hyperactive alleles were not identical in their ability to elevate Cdr1p and Cdr2p levels when in the tac1⌬/⌬ mutant DSY2906. For example, the Cdr2p level conferred by TAC1-18 was constitutively high and was not changed by treatment with fluphenazine (Fig. 2, group A) . In contrast, the Cdr2p levels conferred by TAC1-10 and TAC1-11 were further increased by fluphenazine addition (Fig. 2, group B) .
Distinct GOF mutations are present in TAC1 hyperactive alleles. We previously demonstrated that hyperactivity of TAC1 alleles (TAC1-5 and TAC1-7) was due to a GOF mutation located at position 977 (N977D) (10) . Taken together, TAC1 alleles available for nucleotide sequence analysis (from TAC1-1 to TAC1-25) were highly polymorphic, since their open reading frames contained 29 nonsynonymous and 50 synonymous mutations. In this work, we identified five nucleotide changes that could represent GOF mutations since they occurred only in hyperactive alleles (Table 4) . They included three amino acid substitutions (A225T, A736V, and G980E) and two amino acid deletions (⌬M677 and ⌬L962-N969). The A225T and G980E substitutions were present in TAC1-25 and TAC1-15, respectively. TAC1-10, -11, and -21 carried the A736V substitution. The two deletions, ⌬M677 and ⌬L962-N969, were present in the alleles TAC1-18 and TAC1-22, respectively.
In order to demonstrate that the above-mentioned mutations were involved in TAC1 hyperactivity, they were introduced FIG. 1. Expression levels of Cdr1p and Cdr2p in five groups of C. albicans isolates. Protein extracts of each strain were separated on sodium dodecyl sulfate-10% polyacrylamide gels and immunoblotted with rabbit polyclonal anti-Cdr1p and anti-Cdr2p as described previously (10) . C. albicans strains were grown in liquid YEPD to mid-log phase and treated (ϩ) or not treated (Ϫ) with fluphenazine (10 g/ml) for 20 min. The origin of each strain is indicated with its corresponding FLC susceptibility and MTL locus status.
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into the TAC1-1 wild-type allele. The mutated alleles were next transferred into the tac1⌬/⌬ mutant to test azole resistance and Cdr1p and Cdr2p levels conferred by individual mutations in transformants. In contrast to the strain carrying TAC1-1, all strains with mutated alleles were able to grow in the presence of FLC (Fig. 3A) . This feature is consistent with an increase in FLC MIC compared to that for the strain containing the wild-type TAC1-1 allele. FLC MICs increased from 1 to 8 g/ml as a result of the three substitutions (G980E, A736V, and T225A) and from 1 to 4 g/ml for the two deletions (⌬M677 and ⌬L962-N969) (Fig.  3A) . All mutations in individual TAC1-1 alleles conferred constitutively high Cdr1p and Cdr2p levels (Fig. 3B ). This contrasted with the strain carrying the TAC1-1 allele, in which the increase of Cdr1p and Cdr2p still required the presence of fluphenazine (Fig. 3B) . Importantly, all GOF mutations were not equal in their hyperactivity, since FLC MIC and Cdr1p/Cdr2p levels were not identical in all strains carrying distinct TAC1-1-derived mutated alleles. For example, the three mutations with amino acid substitutions conferred higher FLC MICs than the two mutations with amino acid deletions (8 g/ml versus 4 g/ml) (Fig. 3A) , which is consistent with constitutive levels of Cdr1p/Cdr2p being lower in the strain carrying this 2-amino-acid deletion than in strains with other TAC1 GOF mutations (Fig. 3B) .
Impact of ERG11 in the development of azole resistance. As described above, one of the mechanisms contributing to azole resistance in clinical strains is the acquisition of GOF mutations in TAC1. In addition, ERG11, the target of azole antifungals, is an important mediator of azole resistance. Changes in ERG11 that confer azole resistance arise by mutations in the coding sequence that alter the affinity of azoles for the target and by upregulation of ERG11. We previously demonstrated by heterologous expression in S. cerevisiae that the ERG11 mutations S405F, Y132H, and R467K contribute individually or in combination to azole (12, 44, 56) . c In DSY2321, the S405F ERG11 mutation is heterozygous, in contrast to all the other ERG11 mutations indicated. resistance (43) . Therefore, it is likely that these mutations have the same effect in C. albicans. Table 3 summarizes the occurrence of these ERG11 mutations in the isolates of the present study (see Table S2 in the supplemental material for complete details of nucleotide polymorphisms). In the azole-resistant strains of group B (strains DSY348 and DSY289), ERG11 alleles were homozygous for the S405F substitution; however, an additional homozygous substitution (Y132H) was present in ERG11 from DSY289, consistent with observations in our previous studies (43) . In strains of group C, the substitution S405F was present, although it was present in only one of the two alleles in DSY2321 but was homozygous in DSY2322 and DSY2323. In group D strains, the R467K mutation was the only substitution in ERG11 alleles recovered from the azole-resistant strains DSY3548 and DSY3549. It was homozygous, in agreement with results published by White (54) . In strains of groups A and E, no ERG11 polymorphisms could be associated with azole resistance. Combined with TAC1 GOF mutations, ERG11 mutations could contribute to elevate FLC MICs compared to those for strains with a single resistance mechanism. Northern blot analysis of the groups of sequential isolates revealed that ERG11 expression was elevated in two cases. As shown in Fig. 4 , ERG11 expression was increased in DSY735, by approximately twofold compared to DSY732. Consistent with this expression increase, the FLC MIC was increased in DSY735 from 16 to 32 g/ml. The results presented in Fig. 4 also revealed that ERG11 expression was increased by eightfold in DSY2323 compared to DSY2322. Such an increase might also explain the augmentation of the FLC MIC in strain DSY2323 (32 versus 16 g/ml), in which no known resistance mechanisms other than those associated with ERG11 and TAC1 alterations were detected.
Analysis of Chr 5 status in azole-resistant strains. At least two azole resistance genes, ERG11 and TAC1, as well as the MTL locus are located on the same left arm of Chr 5. In this work, azole-resistant isolates of groups A, C, and E were homozygous for the MTL, TAC1, and ERG11 loci. In contrast, azole-susceptible parents were all heterozygous for the MTL and TAC1 loci. In order to determine the mechanisms that permitted LOH at the linked ERG11, TAC1, and MTL loci, we attempted to delimit the LOH event by SNP analysis on several markers present on Chr 5. SNP patterns were associated with three main Chr 5 rearrangements (see Table S2 in the supplemental material) and are illustrated in Fig. 5A to E. (i) Chromosome loss and reduplication. In group A strains, all the heterozygous SNP markers of Chr 5 in the azole-susceptible strain became homozygous in azole-resistant strains (Fig. 5A) . LOH occurred across the entire Chr 5 length in DSY732 and DSY735, thus suggesting chromosomal loss and reduplication of the remaining copy. However, our results cannot exclude a mitotic nondisjunction followed by chromosome loss as an alternative LOH mechanism.
(ii) Mitotic recombination. In the four remaining groups (B to E), azole-resistant strains differed from their azole-susceptible parents by a stretch of homozygous SNPs that extends from the left end of Chr 5 to a position prior to the centromere (Fig. 5B to E) . These data indicated that in these four cases, LOH on Chr 5 had occurred through mitotic recombination or break-induced repair. The site of recombination (or chromosome break) could be mapped between SNPs 103 and B in group B strains, between SNP 111 and the centromere in group C strains, between SNPs 109 and 103 in group D strains, and between the TAC1 locus and SNP 111 in group E strains. Consequently, LOH involved ERG11 only in group B and D strains, while it involved the ERG11, MTL, and TAC1 loci in group C and E strains.
(iii) Gene conversions. In group B strains, mitotic recombination was observed within TAC1, indicating a phenomenon of gene conversion. SNP analysis of TAC1 alleles suggests that TAC1-10 is a mosaic between TAC1-8 and TAC1-11, as illustrated in Fig. 5F . Thus, gene conversion events different from LOH events on the left part of Chr 5 as described above occurred within the TAC1 locus between TAC1-8 and TAC1-11 to yield TAC1-10. As a consequence, the azole-resistant strains DSY348 and DSY289 carry two distinct TAC1 hyperactive alleles but with the same GOF mutation (A736V).
In conclusion, our data show that LOH at the ERG11, MTL, and TAC1 loci is frequently observed in association with increased azole resistance. This is consistent with previous results obtained upon analysis of ERG11 in other resistant isolates (43, 54) . Nevertheless, this phenomenon cannot account for the increase in drug resistance between some related azoleresistant strains. For example, the pairs of isolates DSY732 and DSY735, DSY348 and DSY289, and DSY2322 and DSY2323 each contain identical TAC1 hyperactive alleles and the same Chr 5 SNP profiles, but DSY735, DSY289, and DSY2323 have higher FLC MICs than DSY732, DSY348, and DSY2322, respectively.
CGH and detection of aneuploidies in azole-resistant isolates. Chromosome alterations by LOH contribute to increase the copy number of mutant alleles of these genes. The copy number of mutant alleles of drug resistance genes and therefore the level of azole resistance can be increased by segmental aneuploidy and formation of i(5L), as recently demonstrated by Selmecki et al. (47) . Aneuploidies are readily detected by CGH. We subjected our collection of sequential isolates to CGH analysis to address whether any of the strains had undergone whole-chromosome and/or segmental aneuploidy.
Many of the investigated isolates had CGH profiles characteristic of normal diploid strains. However, CGH revealed that most aneuploidies in the azole-resistant strains were on Chr 5. Therefore, only CGH profiles of Chr 5 are presented. We observed a single case of Chr R trisomy in isolate DSY3554 (see data at http://www.chuv.ch/imul/imu_home/imu_recherche/imu _recherche_sanglard/imu_recherche_sanglard_suppldata.htm). Strains DSY735 (group A) and DSY289 (group B) exhibited segmental aneuploidy for Chr 5 (Fig. 6) . In DSY735, genes located on the left arm of Chr 5 (5L) delimited by the centromere were found in four copies, as revealed by signal intensities of CGH profiles (Fig. 6 ). This strongly suggests the presence of an i(5L) composed of two left-arm copies of Chr 5 in addition to the two full-length copies of Chr 5.
In DSY289, the CGH profile of a single colony (Fig. 6 , DSY289 of group B) suggested the presence of three copies for genes on the left arm of Chr 5 (5L) and apparently only one copy of genes on the right arm (5R), since the average gene copy number values plotted along the 5R axis are below the threshold value of 2 (Fig. 6, group B) . These data support the hypothesis that strain DSY289 contains only one entire Chr 5 copy and one i(5L). Nevertheless, since SNP analysis of Chr 5 markers in DSY289 revealed that four markers (D, E, G, and J) on 5R remained heterozygous ( Fig. 5B ; see Table S2 in the   FIG. 4 . ERG11 expression levels in C. albicans isolates sequential. ERG11 expression was quantified by Northern blot analysis using a Typhoon Trio phosphorimager (GE Healthcare, Otelfingen, Switzerland). ERG11 expression was normalized using ACT1 expression (ACT1 is considered a housekeeping gene). ERG11 expression is given as the relative increase of expression compared to that in the most azole-susceptible strain of each group.
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on November 2, 2017 by guest http://ec.asm.org/ supplemental material), this result does not agree with a single remaining 5R copy. We therefore concluded that Chr 5 is unstable in DSY289. To further test this hypothesis, CGH analysis was performed on a mix of several colonies of the DSY289 strain (Fig. 6, DSY289 mix of group B) . In the resulting CGH profile, aneuploidies on 5R and 5L appear less dramatic, suggesting that either i(5L) or the extra Chr 5 copy is being lost quite frequently. In order to test whether aneuploidy in strains DSY735 and DSY289 was indeed due to i(5L), Southern blot analysis was performed with EcoNI-digested genomic DNA (Fig. 7A) and with a CHEF karyotype (Fig. 7B) . Both analyses confirmed the presence of i(5L) in DSY735 and DSY289. As shown in Fig.  7A , the CSE4 probe revealed a 10-kb band characteristic of i(5L) in the EcoNI-digested genomic DNA of both strains but not in the other strains. CHEF Southern blot analysis with a TAC1 probe revealed a signal in all strains corresponding to Chr 5, as well as an additional signal in DSY735 and DSY289 that had an electrophoretic mobility similar to that of Chr 7 (Fig. 7B) , as expected for i(5L) (47) . This analysis also confirmed that TAC1 is present only on Chr 5 and i(5L) and not on chromosomes of other sizes. This observation reinforces the idea that LOH events deduced from SNP analysis are the consequence of mitotic recombination between two Chr 5 copies and not the result of translocations on other chromosomes in the genome. Moreover, hybridization with MTLa and MTL␣ probes confirmed the MTL locus status of all the strains and determined that the i(5L) present in strain DSY735 is MTL␣/ MTL␣ and the i(5L) present in strain DSY289 is MTLa/MTLa (Fig. 7B) . This latter data allowed us to deduce that the TAC1-10 allele in this strain is on i(5L), since the parental TAC1-8 allele is linked to MTLa (data not shown).
To address the involvement of i(5L) in the increase of azole resistance and to confirm its instability, DSY735 [an i(5L)-containing strain] was serially passed for 8 days without FLC to obtain colonies with a reduced FLC MIC. In parallel, DSY732 (not containing i(5L)] was plated onto rich medium supplemented with 40 g/ml of FLC for 5 days in order to obtain resistant strains. In both cases, independent colonies were analyzed for the presence of i(5L). A DSY735-derived strain (DSY735-5) lost i(5L) (Fig. 7C) and showed a decrease of the FLC MIC from 32 to 16 g/ml. In contrast, out of four DSY732-derived strains, a single isolate, DSY732-2, gained an i(5L) (Fig. 7C) with a parallel increase in FLC MIC from 16 to 32 g/ml. Therefore, these additional experiments confirmed the contribution of the i(5L) to the increase of azole resistance.
DISCUSSION
In this study, we described different series of events leading to the development of azole resistance. Our results illustrate how flexibility of the C. albicans genome allows adaptation to and/or circumvention of antifungal pressure. Several events at the level of the gene and the genome occurred during the development of azole resistance. As summarized in Fig. 8 , the acquisition of mutations in drug resistance genes (step I) is a prerequisite to the development of azole resistance and is followed by different LOH events (step II), including chromosome loss and reduplication (observed in group A strains) and mitotic recombinations (observed in the other groups of strains in this study). These chromosome alterations can be accompanied by several other variations (acquisition of separate mutations and recombination within resistance genes) and acquisition of extra chromosomal elements (step III, isochromosome formation), all contributing to elevate drug resistance in C. albicans. These steps are further discussed below.
Step I: acquisition of TAC1 and ERG11 mutations. The first step in azole resistance seems to be the acquisition of GOF mutations in drug resistance genes. Four of the five TAC1 GOF mutations identified in this work (V736A, G980E, and deletions ⌬M677 and ⌬962-969) were located in the C-terminal part of the protein. These mutations, in addition to the N977D substitution reported recently (10) , map in a segment containing a putative transcriptional activation domain, as deduced from protein alignments of Tac1p with other Zn 2 -Cys 6 transcription factors. Previous studies on the S. cerevisiae Pdr1p and Pdr3p transcription factors also found that point mutations in the C-terminal region lead to enhanced expression of target genes (6, 31, 32, 49) . Characterization of Pdr3p and Pdr1p has revealed the transcriptional inhibitory domain protein motifs I and II described by Poch (36) (from positions 257 to 320 in Pdr1p and from 228 to 286 in Pdr3p) (6, 23, 31, 32, 36) . Even though motifs I and II cannot be clearly identified in Tac1p by MEME (multiple EM for motif elicitation) analysis (data not shown), the remaining T225 GOF mutation in Tac1p It is likely that other GOF mutations in other hyperactive TAC1 alleles from additional clinical isolates will be reported. Their identification either by cloning from clinical isolates or by random mutagenesis in TAC1 will be helpful to delimitate regions critical for the transcriptional activation of this protein. Furthermore, a one-hybrid lexA-based system might also be useful to delineate more precisely the transcriptional activation domain of this protein, as described by two other groups (30, 39) . TAC1 mutations are not sufficient to explain all increases in azole resistance in the sequential isolates in this study. The analysis of ERG11 alleles revealed several substitutions known to be responsible for azole resistance when expressed in S. cerevisiae (43) . A combination of TAC1 and ERG11 point mutations in C. albicans likely contributed to FLC MIC increases among azole-resistant isolates in this study (Fig. 8, strains of Step II: LOH events associated with increased azole resistance. In a previous study (10) , we showed the codominance of the TAC1-5 and TAC1-7 alleles carrying an N977D GOF mutation with wild-type alleles. We also demonstrated the need for the strain to elevate the copy number of hyperactive alleles at the expense of remaining wild-type alleles in order to increase FLC resistance. This work extends this observation to other TAC1 hyperactive alleles. Regarding ERG11, White et al. (56) associated LOH of ERG11 mutated alleles with an increase in azole resistance. In all cases investigated here, azole-resistant strains contained only hyperactive TAC1 alleles and were homozygote for ERG11. Distinct mechanisms leading to two TAC1 hyperactive and two identical ERG11 alleles were distinguished, as summarized in Fig. 8 . ERG11 LOH was obtained by mitotic recombination events either associated with LOH at TAC1 and MTL loci (in group C strains), with a chromosomal break located near the centromere, or independent of the TAC1 and MTL loci (groups B and D). For the TAC1 locus, they include Chr 5 loss and duplication (group A) and mitotic recombinations in the left part of Chr 5 (groups C and E). Gene conversion can also occur within TAC1, leading 5L) is an additional event (step III) leading to the increase of the copy numbers of azole resistance genes and possibly yet unidentified resistance genes on the 5L arm. For simplification, the acquisition of the TAC1 mutation (step I) is shown linked with MTL␣ in group E, although it is linked to MTLa. It is possible that steps I to III can be sequentially arranged in a different manner. MR, mitotic recombination. In group A, sequence analysis allow the deduction that TAC1-18 originated from TAC1-17 by acquisition of only one nonsynonymous substitution (⌬M677). In group B, TAC1-11 arose from TAC1-9 by acquisition of the A736V substitution. TAC1-10 is the result of gene conversions between TAC1-8 and TAC1-11. In group C, it is not possible to determine whether or not TAC1-15 arose from TAC1-12 or TAC1-13. In group D, TAC1-21 and TAC1-22 originated from TAC1-19 and TAC1-20, respectively, by acquisition of two distinct GOF mutations, A736V and ⌬L962-⌬N969. Finally, in group E, TAC1-25 originated from TAC1-23 by acquisition of the A225T substitution. VOL. 6, 2007 AZOLE RESISTANCE BY MUTATIONS AND Chr 5 REARRANGEMENTS 1901 to homozygosity of the GOF mutation (group B) and resulting in the formation of two distinct TAC1 hyperactive alleles with the same GOF mutation (A736V). Together with strains of group D (two distinct TAC1 alleles with different GOF mutations), these cases illustrate that LOH of drug resistance genes in Chr 5 is not always associated with MTL homozygosity. This observation is consistent with previous studies (37, 40) showing that antifungal resistance is not necessarily linked with MTL homozygosity. ERG11 LOH was obtained by mitotic recombination events either associated with LOH at TAC1 and MTL loci (in group C strains) with a Chr 5 break located near the centromere or independent of the TAC1 and MTL loci (groups B and D) with a chromosomal break occurring near markers 103 and 104 on 5L. Lephart and Magee (27) did not identify specific "hot spot" regions of mitotic recombination on Chr 5 segments near the major repeat sequence region. Rather, they demonstrated that mitotic recombination events could occur at a similar frequency along a 325-kbp region flanking the Chr 5 major repeat sequence. Nevertheless, we cannot exclude the possibility that under specific environmental conditions, genome rearrangements which are at specific loci can be selected.
Step III: increase of drug resistance by isochromosome formation. TAC1 and ERG11 mutations linked to LOH were not sufficient to explain all of the azole resistance increase observed in some strains. In strains DSY735 and DSY2323, the FLC MIC was twofold higher than that in the related earlier isolates. An increase of the copy number of drug resistance genes can elevate azole resistance, as recently demonstrated by the existence of i(5L). This specific chromosome rearrangement results in an increase in the copy number of all genes on 5L, including TAC1 and ERG11 (47) . Our study revealed the presence of i(5L) in strains DSY735 and DSY289. Interestingly, Northern blot analysis revealed an increase in ERG11 expression in DSY735 (approximately twofold) compared to DSY732 or DSY731, consistent with an increase of ERG11 copy number due to the i(5L). A separate measurement of TAC1 expression by reverse transcription-PCR in group A strains revealed that its transcription was increased by 2.53 (Ϯ0.29)-fold in DSY735 compared to DSY732. This result supports the idea that i(5L) formation favors the expression of drug resistance genes on this chromosome, which is coupled with decreased susceptibility to FLC. Transcript profiling experiments are currently being performed with strains of groups A and B to extend this analysis to other genes on this chromosome.
CGH analysis performed on a mix of DSY289 individual colonies did not exhibit the same gene copy number profile as a CGH carried out from a single colony. This result raises the possibility of i(5L) and/or Chr 5 instability in DSY289, especially in the absence of antifungal drug selection. This instability was confirmed in DSY735 [an i(5L)-containing strain] grown for 8 days without FLC. In this case, loss of the i(5L) correlated with a decrease in azole resistance (Fig. 7C) . Selmecki et al. (47) had already demonstrated that growing an i(5L)-containing strain for several generations in the absence of drug pressure resulted in the loss of the isochromosome. Those authors also observed a dramatic decrease of resistance, with the FLC MIC dropping from 256 to 8 g/ml (47) . In DSY735-derived strains, the loss of i(5L) resulted in a more modest decrease of the MIC FLC from 32 to 16 g/ml. The reason for this discrepancy could be differences in FLC susceptibility measurements or subtle differences in polymorphisms and expression of drug resistance genes, among them TAC1 and ERG11. Finally, yet-unknown drug resistance genes and their linked mutations might be present on i(5L) of specific strains and thus could contribute to azole resistance independently of TAC1 and ERG11.
Chromosome alterations and azole resistance in C. albicans. In this study, we found that the development of resistance does not result from a single event in each strain. Rather, it results from a combination of several events, including mutations in single genes and chromosomal rearrangements or nondisjunction events. The analysis of a large strain collection recently reported by Odds et al. (33) indicates that genome modifications are common in the C. albicans population, which reflect the generally clonal evolutionary pattern in an asexually reproducing species. Other studies have demonstrated a link between chromosomal rearrangements and adaptation to stress conditions such as growth on sorbose, growth in the presence of FLC, or during the course of infection (20, 26) . C. albicans can therefore achieve stress adaptation and phenotypic variability by genome rearrangements. In addition, several authors demonstrated that chromosome alteration frequencies are increased under stress conditions (27, 41) . This increased frequency might be a survival mechanism that circumvents the need for meiotic recombination. When returned to optimal growth conditions, such strains tend to recover their original karyotypes. This phenomenon was observed during growth of C. albicans in the presence of 5-fluoroorotic acid (52) . In this condition, strains gained an extra Chr 4b copy or acquired a 260-kbp extension of Chr 5, generating a new Chr 5 copy. This additional chromosome was lost in the absence of 5-fluoroorotic acid. This phenomenon was also observed here, with the acquisition or loss of an extra i(5L) in the presence or absence of FLC selection pressure.
The development of resistance illustrated in Fig. 8 highlights that point mutations in drug resistance genes, among them TAC1 and ERG11, can be a first step towards increased resistance but is followed by chromosomal rearrangement events, which are likely affected by the genetic background of the isolated strains. In S. cerevisiae two major mechanisms are responsible for chromosomal rearrangements: nonhomologous end joining and homologous recombination (HR) (38) . Potential dicentric translocations and dicentric isochromosomes were associated with cell cycle checkpoint defects, while chromosome fusions were frequent in strains with both telomerase and cell cycle defects. Finally, translocations between homologous genes were seen in strains with defects favoring HR. Moreover, a study on the LOH in a RAD family mutant (57) reported that the frequency of LOH was significantly increased in all mutants, and most events detected were chromosome loss. Other LOH events were differentially affected in each mutant. In C. albicans, similar karyotype analyses carried out with a RAD52 mutant (3, 4, 7, 9) found that HR played an essential role in the repair of DNA lesions caused by both UV light and the radiomimetic compound methyl methanesulfonate, whereas the nonhomologous end joining pathway was used only in the absence of Rad52p or after extensive DNA damage. Repair by HR is more efficient in cells in the exponential phase of growth than in the stationary phase. This raises the possibility that chromosome rearrangements favoring adaptation to stress conditions do not occur via a random process but are dependent on the genetic backgrounds and the execution of specific cell cycle growth phases. This hypothesis could also be valid for the acquisition of i(5L), and this limits such a phenomenon to specific strains. This could explain that some strains, such as DSY732, exposed to a high level of FLC can acquire i(5L), in contrast to other strains, such as FH1, in which FLC exposure in vitro results in Chr 5 trisomy, as shown recently by Coste et al. (10) .
In conclusion, this study precisely dissected combinations of genome modifications that occurred during the adaptation to antifungal pressure. A distinct combination of single gene alterations or chromosome rearrangement events has occurred in each group of related strains and thus illustrates the versatility of mechanisms that facilitate the appearance of antifungal resistance in C. albicans. This study was focused on a limited number of strains originating from HIV-positive patients or from in vitro antifungal exposure but with similar resistance mechanism profiles (i.e., CDR upregulation and ERG11 alterations). Given the existence of other azole resistance mechanisms (for example, those involving MDR1 upregulation), it is likely that additional genome modifications remain to be described in the future.
